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Surmnary

Designs of radio-frequency quadruple (RIV)

accelerators with reasonable length require
operation with surface fields above the limit
imposed by Kilpatrick’s Criterion. A cavity war
designed using SUPERPISII to test the validitv of
this Criterion anrl to determine opeiating limits
for the RFQ. The experimental setup and proce-

dure are described, as are the data and

re.5ults. A method of calibrating the test is
presented.

Intrmhrction

The choice of an RFCI as the low-beta accel-

erator in the Fusion Materials Irradiation Test
(FMIT) linac depends on the successful demon-
,qtration of operational feaslbilitv by a proto-
type RFQ, the Prcmf-of-Principle (FOP) struc-
ture. In the des!gn for this structure, al:es-
tions arise concerning the field strenq’!,s that
will exist in the cavity durinq excitation.

Because of the very small beam-char~lel dimen-
sions and the mnstraint that up~ful structures
have reasonable length, the ftelrls durinq opera-

tion must exceed those pred;cted by Rilpatricki

as breakdown levels. Tlv question that follows,

then, is a basic issue mncerning F@ desigi): to
what field levels may RF@ be designed so that

the field strengths are maximized and so that
breakdown occurrences are tolerable.

Test equipment designed to determine the
maximum standoff voltage in an RPQ was subject
to several constraints. As in all high-voltaqe
rf equi~em?, vacuum and cleanliness considera-
tions Wre important. It was necessary that the
resonant frequency be between 400 and 450 Mtlz
for mxnpatibility with the available klyetron
power unit and controller. Scheduling cotrrmit-
ments wsre such that rapid test ~letlon was
necessary, Finally, to provide useful informa-
tion, the cavity design wee required to he

capable of developing fields oeveral times those
predicated by Kilpatrick ae the breakclmn limit
for 400-450 MFfz with the available 1 14W power
level .

Background Information

For this work, eparkinq is defined as the
abrupt dissipation of energy stored as electric
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fields ;!cross a qap between electrdes. For a

practict!l vacuum system such as that used in
this studv, there exists a definite thresholrI
gradient for which el=trcdes of a qiven metal
may spark. The hreakdw mechanism 1s dependent

on this gradient at the electrrxle surface for
spark initiation.2

Rilpatrick’s Sparkinq Criterion defines the
frfquenq for which aparkinq mav occur for a

qiven gradient:

0.085.—
f . , 643 ~ ,.4 ~?e E

(1)

where

f . frequene+ in MRz,

E = field qradlent in MV/cm.

Thuc, at 425 MHz, sparkinq, is predicted at
19.7 MV/m,

The restraints imposed on the use of this
Criterionl are several in that {t:

● deals onlv with single-gap sparkinq
● ignores effects Involving the quantity

of stored energv
● includes practical vacuums of 10-3 to

10-1 IIMI pressure
● includes metal electrdes that are not

specially prepared
● does not include the preeence of external

maqnetic fields.

l%e work presented here differs from these
restraints in two respects. First, the P.FQ

configuration has not a single gap but four as
shown in Fig. 1. Second, although it is small,

Fig. 1. Sparking cavity configuration.

1



.79A..-

.50 R
#- -

DIM. IN CM

-
Fiq. 3. Cavit}. with vanes in place.

A 600-?./s ion pump was hvnq on one of the e!l.$

and the other had ports for an \on gauge and a

“ ~&37+
Fig. 2. Sparkinq cavity quadrant.

the maqnetlc field component near the electrode
tips is nonzero. To first order, however,
neither of these diffe~ences has much effect on
the firml gradient achieved before breakdown
occurs .

For gradients less than about 10 f4V/cm, the
electron current caused by field emission is
small. Ions in the gap, however, may be accel-

erated to strike the catho.ie causing the emis-
sion of electrons and neutral gas atoms from the
cathode. A cascade process follows that may
result in the formation of a apark by which an

abrupt change in the stored energy dissipation
occur 9. Such a breakdown mechanism is charac-
teristic of vacuum systems having a hiqh enough
ion population for the cascade process to work.

Test Ap aratus

The mmputer code SUPEI?FISR was 1!9ed to
design the sparking cavity. The first .at?t of
runs was a frequency/power scan for a suitable

cavity configuration. The gal wag to determine
cavity dimensions for a 42S+lfz resonator that
muld require a substantial fr~tion of the

klystron’s 1.2-M14 capacity when the surface

gradiente were about 50 Ml//m. This ❑tudy showerl
that the main cavity bcdy could he constructed
from an available lenqth of 15-cm-i.d. cower
tubing if the vanes were sized properly.

The SUPERFISR-ai&d design produced the

cross section for which a single quadrnnt is
shon in Fig. 2. In the structure that was
tested, the vanes were 30.48 cm long anfl located

in the center of the comer cavity that was
76.20 cm in length. Figure 3 is a diagram of

the cavity with the vanes installed and the

au~ort feet and flanges in place.

The flanges at each end were mnnected to
ells of the same inside diameter as the cavity.

liquid-ni tr~en-trapped rouqhing pump. A

screen-covereA copper qasket was installed
between each ell flange and cavitv flanqe. ThiG
device was designed to contain the rf fields

insi?e the test cavitv hut was shown to hP onl-,
marqlnallv npcessarv.

Freer was coupled into the cavitv from the
klystron unit throuqh a waveauid~. This setup
terminated with a vacuum windcw attach+ to a

transition piece brazed onto thp cavitv wall.
Inside the transition, a slot was bored throuqh
the cavity wall to ~rovirfe ind,~ctive crmpllnq
between the wavequ~de and the re~onator volume.

After tuning the wavequide, the load presented a
VSWR of 1.3:1 to the klvstron, at a resonant
frequency of 417 MHr..

A 450-!,/s turt>omol~cular pump was conn~cted
to a ~rt in the sidewall of the rf vacuum
will-h 9. Usinq this pump and the ion purer?, an

operating pressure of 6 x 10-7 mm was
achieved. The entire test ~e:up is diaqramm=~
in Fig, 4.

Test Frocedure

The first part of the test proceflur.= was
the assemhlv of the vacuum envelope. All Darts

that would be exposed to vacuum were C’OdI?I?d

usinq a three-step procedure, then store~j in
plastic bags until requirerl for assemblv. For
all pieces, the procedure involved surf~ce
cleaninq first with acetone, then mec,,dnol, then
ethanol, each a reaqent-qrarle solvent. Smallr=r
parts were cleaned in an ultrasonic bath usinq

ethanol as the solvent.
After assemblv, the resonator was excited

at lW @$er with niqh dutv to heat

the rf surfaces. The cavitv external uall was

he~ted to about 150’% for two hours to drive
out most of the volatiles.

The procedure for detrrminimq the RF(I
breakdam qradient was to increase the pwer
delivered to the cavitv until the level was

reached that produced spark{nq. The gradient
magnitude was determined hv the measurinq the

power and using the relation

‘spark = (P/k)l/2 (2)

where k was an experimentally rletermined
constant.
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Fiq. 4. The 440-MRz WO sparkinq cavttv schematic.

Results and SUPER FISFI Correlation

The method for evaluating k used a

SUPERFISH simulation and a measurement of the

quality factor, Q, of the cav{tv. The simula-
tion analysis showed the geom~try had a field-

enhancement factor of 1,63: that Is,

sparkinq. The resultant maXjmum ~le=tric f
usinq Eqs. 2 and 3 was, then, 32.2 MWrn. R
patrick’s Criterion predicted that sparkina
possible at 19.7 MV/m for f = 417 MHz.

Error Analysis

E
max

E
= 1.63 .

~le tip

The analysis also predicted a theoretical Q of
8665 and that a structure excitation of 39.2 W/m
nuld prot+uce pole-tip fields of 0.347 MV/m.

The active length uf the structure was
0,305 m w pole-tip fields of 0.347 HV/m theo-
retically required 11.96 W of drive. This power
was adjusted for the actual Q of the cavity,

which was measured as 5400. Therefore,

()11.96 ~

K=— = 59.9 W/(M’L/m)
2

Sf
(0.347 X 1.63)2

(3)

An observed cat,ity input per of 62.2 kW

(rMty factor = 0.23) was rquired tn initiate

eld

1-

was

Bccauee the dimensions of the spark qaps

were small (see Fig. 2) and the cavitv bodv had
a alin~ricitv error of +0.008 cm, the qap
sc.acinq between the four-vanes varied. An

analvsis usinq the measured-qap spacinq for each
of the four quadrants was done us.inq SUPEFtFISF1.
The error was assigned an rms value accorrlinq to

the comparison between the four quadrants.
Other sources of error were the measurerl values

for the cavity Q and the effective length of the
vanes. Table I lists the sourcee and values for

the ● rrors aa percents of the breakdown field.
Thus , the total error is 19.6~ and the observed
breakdown field is 32.2~9.E$ MV/m c.
32.233.2 t4V/m.

In the absence of any quantitative data, no

corrections were made for t!]e quadrlr,k aawrrmetrv
lntrrx!uced bv tfir+ drive iris or the longitudinal
field distribution. Such adjustments would
increase the estimate of the voltaqe requirerl to

cadse a spark. Inspection of the spark
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TABLE I

SUPERFISH Results
RMS ERROR (? Es)

Cavity Q 0.6
POw.ef/lQPgth 7.7
Ffeld inten~jty 7.9

Measured Results

Cavitv O 3.2.-
Cavity lenqth 0.001

Measured Pcmrer 0.16

discoloration density on the vanes Showed that

most sparks had indeed crcurred opposite the
iris, as muld he expecte~. Also, elatron

leading was observed during the approach to the
sparking threshold, amor,p~ied by soft x-ra Y

radiation of 103 R/hr. Correcting for tnis
effect would lwer the sparking assignment.3
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